: This paper establishes a methodology to quantify pile setup by using recent field test data that was presented in a companion paper for steel H-piles driven in cohesive soils. Existing methods found in literature for the same purpose either require restrikes of piles onsite or are developed for a specific soil type and seldom use easily quantifiable soil properties, despite their significant influence on pile setup. Following a critical evaluation of the existing methods, a new approach for estimating pile setup was developed using dynamic measurements and analyses in combination with measured soil properties, such as the horizontal coefficient of consolidation, undrained shear strength, and the standard penetration test N value. Using pile setup information available in the literature, the proposed approach has shown that it provides good estimates for the setup of steel H-piles, as well as for other types and sizes of driven piles. ABSTRACT: This paper establishes a methodology to quantify pile setup by using recent field test data that was presented in a companion paper for steel H-piles driven in cohesive soils.
INTRODUCTION
The existing pile setup estimation methods available in literature require restrikes and/or load testing and although an accurate integration of pile setup will lead to cost-effective foundation designs, these methods have not been incorporated into the AASHTO (2010) Specifications.
Static load or dynamic restrike tests performed over an adequate period of time are currently recommended in AASHTO (2010) to quantify pile setup. Alternatively, a methodology to estimate pile setup based on soil properties would be easier to implement, as well as cost effective. Using dynamic and static investigations on steel H-piles, it is shown in a companion paper (Ng et al. 2011 ) that pile setup in cohesive soils is heavily dependent on the horizontal coefficient of consolidation, undrained shear strength and/or SPT N-value. Recognizing that a reliable method to estimate pile setup based on soil properties does not exist, a new methodology is proposed herein based on recent field test data. The accuracy of the proposed method was verified using both local and external case studies.
EXISTING PILE SETUP ESTIMATION METHODS
Five pile setup estimation methods available in literature are chronologically summarized in Table 1 . Pei and Wang (1986) proposed an empirical setup equation specifically for Shanghai's soils and reinforced concrete piles. Huang (1988) concluded that this method provided comparable pile setup estimation for steel H-piles (HP 360×174) installed in similar Shanghai soils. However, this method does not incorporate any soil properties and requires the determination of a maximum pile resistance (R max ) defined at 100% consolidation of the surrounding soil, which is usually difficult to estimate in practice. Zhu (1988) suggested the use of an equation based on cohesive soil sensitivity (S t ) to estimate pile resistance at the 14 th day (R 14 ) after the end of driving (EOD). In the case study of a 34-m long, 600-mm square pre-stressed concrete pile, driven in a coastal area of East China with a soil profile of mostly clay and silt, Zhu (1988) predicted that pile resistance at day 14 was between 4600 and 4900 kN, which reasonably matched the load test measured resistance of 4800 kN.
The practicality of this method is limited because it is unclear how pile resistance, including pile setup, should be estimated at any time other than the 14 th day. Skov and Denver (1988) proposed a setup equation that required a restrike to be performed at 1 day from EOD (t o ) to estimate a reference pile resistance (R o ). They recommended the setup factor (A), which describes the rate of increase in pile resistance over time, of 0.6 based on 250-mm square concrete piles driven into Yoldia clay. However, it has been shown that the variation of soil and pile types would vary the value of A between 0.1 and 1.0 (Bullock et al., 2005; and Yang and Liang 2006) , creating uncertainties in the estimation of pile setup. Using recent restrikes and static load tests (SLT) of five piles summarized in the companion paper (Ng 2011), this issue is investigated in Figure 1 . This figure confirms that the Skov and Denver (1988) method, with the recommended A value of 0.60, does not match the field test results. However, an agreement can be achieved if the A value is reduced to 0.074, which is even smaller than the range reported by Bullock et al. (2005) and Yang and Liang (2006) . The possibility of estimating the value of A based on soil properties has not been published in literature, which limits the use of this approach in design practice.
To improve Skov and Denver's (1988) method, Svinkin and Skov (2000) took into account the actual time after EOD by allowing reference pile resistance to be estimated at the EOD condition, providing the pile setup estimation independent of the time of first restrike at t o . In the formulation process, Skov and Denver's A value was replaced with an alternative factor (B). The authors suggested that the time for EOD (t EOD ) was to be 0.1 day, which has negligible effects on pile setup estimation while allowing the use of the logarithmic time scale. Compared to Skov and Denver's (1988) method, this method provides more economic means for pile setup assessment.
However, estimation of the B value based on soil properties is not available since it is usually determined from restrikes. Karlsrud et al. (2005) proposed an empirical pile setup method using the plasticity index (PI) and overconsolidation ratio (OCR) based on a database from the Norwegian Geotechnical Institute (NGI). This database consists of 36 well-documented static load tests on both open and closedend steel pipe piles, with outer diameters greater than 200 mm and embedded pile lengths greater than 10 m. Karlsrud et al. (2005) suggested that the reference pile resistance (R 100 ) should be the resistance at 100 days after EOD, assuming that the excess pore water pressure induced by pile installation is fully dissipated. Fellenius (2008) concluded that complete pore water dissipation during the first 100 days was not accurate after observing the dissipation of a single 300-mm diameter, hexagonal, precast concrete pile driven in soft Marine clay in Sweden occur after about six months. To examine the accuracy of this method for steel H-piles, Iowa State University (ISU) field test results were used to extrapolate the R 100 for each test pile by best-fitting a logarithmic trend through the estimated pile resistances. The estimated resistances were determined using the CAse Pile Wave Analysis Program (CAPWAP) from restrikes, the measured pile resistances were obtained from static load tests, and the R 100 values were later read off from the trend at 100 days. The estimated pile resistances and the measured pile resistance for each test pile were normalized by the respective R 100 to determine the pile resistance ratio (R t /R 100 ), as plotted in Figure 2 . Using the estimated R 100 values as well as the average PI and OCR values of each site, the pile resistances (R t ) were estimated at different times within 100 days using the pile setup equation of Karlsrud et al. (2005) , as plotted in Figure 2 . The poor comparison between the ISU field test results and the Karlsrud et al. (2005) method suggests that this pile setup method cannot be applied to steel H-piles driven into glacial clays.
PILE SETUP

Observations
The field test results for five HP 250 × 62 steel piles embedded in cohesive soils show a linear relationship between normalized pile resistance (R t /R EOD ) and logarithmic normalized time (Log 10 (t/t EOD )), as plotted in Figure 3 , where t refers to time after EOD condition. Among the eight hammer blows on average, delivered on each test pile during each restrike test, the third blow was selected for CAPWAP analyses. The third blow did not necessarily have the highest PDA measured resistance, but did include the most representative PDA record. To compensate for pile resistance gain resulting from the additional pile penetration during restrikes, the normalized pile resistance was corrected by multiplying it by the normalized pile embedded length (L EOD /L t ). This approach was satisfactory due to the minimal end bearing contribution to total pile resistance. In order to satisfy the logarithmic relationship and consider the immediate gain in pile resistance measured after EOD, the time at EOD (t EOD ) was assumed as 1 minute.
While Figure 3 
Pile Setup Factor
Given that all tested steel H-piles were the same size, additional pile penetration was corrected using the normalized embedded pile length (L EOD /L t ) and the pile setup factor (C) for a given site as a constant that does not vary with time (t) as shown in Figure 3 and Figure 4 . It was concluded that the pile setup factor (C) depends on the surrounding soil properties. Adopting Skov and Denver's (1988) method (see Table 1 ) and substituting R EOD for R o , t EOD for t o and C for A value, the general form of the proposed pile setup equation that describes the best-fit lines shown in Figure 3 and Figure 4 can be written as
In order to characterize the pile setup factor (C) with soil properties, the normalized embedded pile length (L t /L EOD ), which ranged between 1 and 1.06 based on all field tests, was assumed to be unity. Since the pile setup factor (C) was determined based on the normalized pile resistance (R t /R EOD ) and has no distinct relationship with initial pile resistance (R EOD ) as illustrated in Figure 5 (i.e., a poor R 2 of 0.11 for WEAP-SA and a moderate R 2 of 0.67 for CAPWAP), it is reasonable to discount their relationship. Additionally, Eq. (1) indicates that the amount of pile resistance gain (∆R t = R t -R EOD ) at a given t and R EOD is related to the pile setup factor (C) or
Assuming the dissipation of excess pore water pressure mainly occurs horizontally along the embedded pile length, Soderberg (1962) suggested that the increase in pile resistance (∆R t ) could be related to a non-dimensional time factor T h given by
where r p is the pile radius or equivalent pile radius based on cross sectional area; and C h is the horizontal coefficient of consolidation. This relationship is consistent with the observation made in the companion paper where increase in pile resistance (∆R) is proportional to C h .
Additionally, the field test results indicated an inverse relationship between the increase in pile resistance (∆R) and the undrained shear strength and SPT N-value. Results presented in the companion paper also showed that pile setup mostly occurs along the pile shaft and its effect on the end bearing is insignificant. Therefore, to account for the variation in soil property and its respective thickness, only cohesive soil layers along the pile shaft were considered in the calculation of weighted average soil property. For instance, the weighted average SPT N-value (N a ) is calculated by weighing the measured uncorrected N-value (N i ) at each cohesive soil layer i along the pile shaft by its thickness (l i ) for a total of n cohesive layers situated along the embedded pile length. This is expressed as
It has been previously established that the pile setup factor (C) for a specific site can be assumed to be independent of time (t) and R EOD . Therefore, Eq. (2) can be presented by replacing (∆R t ) with the weighted average horizontal coefficient of consolidation (C ha ) and the weighted average SPT N-value as shown in Eq. (5).
The C ha value in Eq. (5) is a weighted average value calculated using an equation similar to Eq.
(4), in which the C h value at each cohesive soil layer was estimated from pore water pressure dissipation tests during Piezocone Penetration Test (CPT) and calculated using the strain path method reported by Houlsby and Teh (1988) . When pore water pressure dissipation tests are not performed, C h can be estimated from the respective undrained shear strength (S u ) in kPa or the uncorrected SPT N-value based on the correlation study discussed in the companion paper using Eq. 6 or 7, respectively.
2.08
It is important to note that Eq. (6) and Eq. (7) in Figure 6 , the relationship for Eq. (5) can be expressed as follows:
where f c is the consolidation factor, and f r is the remolding recovery factor. These two values are included in Figure 6 for both the CAPWAP and WEAP-SA results for the five test piles. Since the pile setup is influenced by the superposition of soil consolidation and recovery of the surrounding remolded soils, the effect of soil consolidation is best described by the first term (i. e. , ℎ 2 ) and the effect of recovery of the remolded soils is best accounted for by the remolding recovery factor , f r .
Proposed Method
Substituting the rate of pile setup (C) expressed in Eq. (8) into pile setup Eq. (1), the following pile setup equation can be established:
In comparison to the existing pile setup methods that were previously summarized, the proposed method in Eq. (9) has the following advantages:
1. It uses a reference pile resistance at EOD that is estimated using either WEAP-SA or subsequently shown that it can be used for other pile sizes and types.
As with any setup formula based on soil properties, it is noted that the proposed method is only applicable for cohesive soils in which soil setup has been verified to occur by either restrikes or static testing.
VALIDATION
This section examines the validity of the proposed setup equation using data available from PILOT as well as in literature. Different sizes of steel H-piles and other pile types are given consideration in this investigation.
Steel H-Piles
The steel H-pile data available from Iowa via PILOT (Roling et al., 2010) and literature is examined in this subsection. The PILOT database contains twelve pile data sets in cohesive soils having sufficient pile, soil, and hammer information for pile setup evaluations using WEAP-SA.
However, the database does not contain any Pile Driving Analyzer (PDA) records required for CAPWAP analysis. Table 2 summarizes the essential information for the twelve steel H-piles.
These piles are the most frequently used pile type in Iowa (i.e., HP 250 × 62) with the exception of one, which was HP 310 x 79. The piles were embedded primarily in cohesive soils. Since
CPTs with dissipation tests were not performed at each site, the SPT N-values obtained along the pile length were used to estimate the corresponding C h values from Eq. (7), while the C ha value was similarly calculated for N a using Eq. (4). SLTs on these piles were performed between 1 and 8 days after EOD, and the measured pile resistances were determined based on Davisson's criterion (Davisson, 1972) . The pile resistance corresponding to the time of SLT (R t ) was estimated using Eq. (9). The pile resistances at EOD condition (R EOD ) were estimated using the WEAP-SA method.
In addition, five well-documented steel H-piles tested by other researchers were selected for use in examining the validity of Eq. (9), as summarized in Table 3 . This set includes three different pile sizes: HP 250, HP 310 and HP 360. Again, the C ha values were estimated from SPT Nvalues using Eqs. (4) and (7), except the C ha value of 0.025 cm 2 /min for Lukas and Bushell (1989) , which was estimated using a combination of Eqs. (4), (6) and (7). The measured pile resistances determined either from SLTs or restrikes were reported by the different authors and are included in Table 3 with the time of test or restrike. Corresponding to each time of restrike or SLT, the pile resistance (R t ) was estimated using Eq. (9). The estimated pile resistances at the EOD condition (R EOD ), using both CAPWAP and/or WEAP-SA methods provided in literature, are also listed in this table. In three cases marked with a superscript "a", the R EOD values were estimated using WEAP-SA as part of this study using the provided information.
Using the information provided in Table 2 and Table 3 terms of the statistical characteristics (i.e., mean and COV) of the pile resistance ratio given in Figure 7 , the proposed setup method, which resulted in a mean value of 1.024 closer to unity and a smaller COV of 0.149, is comparable or even superior to the BOR approach.
To avoid the bias created with local conditions, a comparison was conducted between the measured pile resistances (R m ) and estimated pile resistances, including pile setup as per Eq. (9) (R t ) in terms of pile resistance ratios (R m /R t ), based on the external data alone. This is summarized in Table 3 . Normal distribution curves of the resistance ratio (R m /R t ) are presented in Figure 9 for both CAPWAP and WEAP-SA. A similar statistical evaluation was performed 
Other Pile Types
An assessment was also performed to evaluate the application of the proposed method on other pile types installed in cohesive soils. Six well-documented cases were used for this purpose, as summarized in Table 4 . Other pile types comprised of closed-end pipe piles (CEP), open-end pipe piles (OEP), square precast prestressed concrete piles (PCP), and steel monotube piles (SMP). The maximum dimension (i.e., width or diameter) of these piles was generally quite large and ranged from 244 mm to 750 mm. To differentiate between the small and large displacement piles, a pile area ratio (AR) (i.e., a ratio between pile embedded surface area and pile tip area) was calculated for each pile type and compared with a quantitative boundary of 350, as suggested by Paikowsky et al. (1994) . Since the largest estimated AR of 278 for the 273-mm OEP was smaller than 350, all of the piles were classified as large displacement piles, whereas the corresponding values for the steel H-piles in Table 2 and Table 3 were between 908
(for HP 250 × 62) and 4754 (for HP 360 × 174), assuming no soil plugging near the pile toe which was confirmed by our observation of the retrieved test pile ISU3.
The comparison between pile resistances obtained during restrikes and SLTs (R m ) are plotted in Figure 10 as a function of pile resistance reported at EOD (R EOD ). The R EOD values were estimated using CAPWAP, with the exception of those reported by Thompson et al. (2009) , which were estimated using PDA based on an assumed Case damping factor of 0.85. It is evident that the R m values are larger than R EOD values (most data points above the solid line of equality), confirming the occurrence of pile setup and its increasing trend with time. Using the reported R EOD value, the estimated average SPT N-value (N a ) calculated using Eq. (4), the average horizontal coefficient of consolidation (C ha ) obtained from Eqs. (4) and (7), and the pile radius (r p ), a pile resistance was estimated using the proposed pile setup Eq. (9) at the time of restrike or SLT. When incorporating estimated pile setup in addition to the R EOD value, Figure   11 reveals the data points represented with a linear best-fit dashed line shifted closer to the solid line of equality, indicating the close match between the measured and estimated pile resistances.
The numerical values of the data points plotted in Figure 11 are summarized in Table 5 .
For comparative purposes, the means (μ) and COV of pile resistance ratios for both the EOD condition (R m /R EOD ) and the proposed setup method (R m /R t ) were calculated for the entire data set, as well as for the following two pile categories: (1) pile sizes equal to and greater than 600-mm (i.e., large diameter piles); and (2) pile sizes smaller than 600-mm (i.e., small diameter piles). This grouping was established purely based on the observed distribution of data. Based on the μ and COV values summarized in Figure 10 , the large diameter piles appear to exhibit greater pile setup, as their μ value was about 0.21 units greater than that of smaller diameter piles. The consideration of pile setup using the proposed method not only reduces the μ values from 1.663 to 1.184 and from 1.454 to 1.063 for large and small diameter piles, respectively, but their COV values were also reduced by more than 6%. When comparing the μ and COV values corresponding to the CAPWAP approach for the steel H-piles in Figure 7 with the two groups of displacement piles in Figure 11 , the smallest μ and COV values (μ = 1.024 and COV = 0.149) are obtained for steel H-piles, followed by slightly higher values (μ = 1.063 and COV = 0.258) for small diameter displacement piles, with the highest values (μ = 1.184 and COV = 0.334) for large diameter displacement piles. This comparison suggests the proposed setup method provides a better pile setup prediction for steel H-piles and smaller diameter displacement piles than for larger diameter displacement piles. However, it is noted that the significant scatter obtained for large diameter displacement piles is from the dataset of Thompson et al. (2009) , in which R EOD values were estimated using the PDA. When this data set was excluded, μ = 1.02 and COV = 0.248 were obtained from the remaining data on small and large diameter displacement piles.
However, in comparison to the BOR approach, the statistical parameters given in Figure 11 indicate that the restrike approach yields a better pile setup estimation, substantiating with a mean of 1.013 closer to unity and a smaller COV of 0.194.
CONFIDENCE LEVEL
To help implement the proposed pile setup method in practice, the reliability of the method was examined in order for the designers to recognize that the difference between the actual and estimated pile setup values fall within an acceptable tolerance. The confidence of the method in terms of pile resistance ratio (R m /R t ) can be expressed for different confidence levels as:
where μ is the mean value of the pile resistance ratio; z is the standard normal parameter based on a chosen percent of confidence interval (CI); σ is the standard deviation of the pile resistance ratio; and n is the sample size. Using the statistical parameters (μ and σ) reported in Figure 7 and Figure 8 for steel H-piles, the upper and lower limits of the population mean values of pile resistance ratios for 80%, 85%, 90%, 95%, and 98% CIs were calculated using Eq. (10) and plotted in Figure 12 . This shows that the upper limits increase while the lower limits decrease as the value of CI increases from 80% to 98%. In an attempt to determine the amount of pile setup that can be confidently applied directly to production piles in the State of North Carolina, Kim and Kreider (2007) suggested the use of 98% and 90% CIs for individual steel H-piles and pile groups with redundancy, respectively, based on their field observations. Applying this recommendation, the pile resistance ratio (R m /R t ) for CAPWAP was found to vary between 0.94 and 1.11 for individual piles at 98% CI. Hence, there is 98% confidence that the proposed pile setup Eq. (9) will predict the R t with an error falling between -6% and 10% of the R m when used in conjunction with CAPWAP. A similar explanation applies to WEAP-SA at a 98% CI, in which the error falls between -7% and 8% of R m . Similarly, in the case of a redundant pile group based on 90% confidence, the errors fall between -5% and 6% of R m for the WEAP-SA method and between -8% and 4% of R m for the CAPWAP method.
For individual displacement piles at a 98% CI based on the proposed pile setup Eq. (9) when used in conjunction with CAPWAP, Figure 13 shows that R m /R t for small diameter piles ranges between 0.97 and 1.16, while R m /R t for large diameter piles ranges between 1.03 and 1.34.
Hence, there is 98% confidence that R t will be estimated with errors between -14% and 3% of R m for small diameter piles and between -25% and -3% of R m for large diameter piles. For a redundant pile group at 90% CI, the errors fall between -11% and 0% of R m for small diameter piles and between -23% and -7% of R m for large diameter piles. These evaluations also indicate that the pile setup estimation for displacement piles yields relatively higher percentages of error.
INTEGRATION OF PILE SETUP INTO LRFD
The AASHTO LRFD Bridge Design Specifications (2010) recommended a single resistance factor (φ) for each dynamic analysis method, because the measured nominal pile resistance obtained from the dynamic pile restrike test is assumed to be a single random variable.
Alternatively, the proposed method (Eq. (9)) consists of two resistance components (i.e., R EOD and R setup ). Since each resistance component has its own individual uncertainties, such as those resulting from the in-situ measurement of soil properties, the components should be adequately reflected in the resistance factors in order to remain consistent with the LRFD philosophy.
Therefore, it is conceptually inappropriate to establish a single resistance factor for both resistance components. Yang and Liang (2006) used the First Order Reliability Method (FORM) to determine separate resistance factors, specifically for Skov and Denver's (1988) setup equation. Yang and Liang (2006) recommended a resistance factor of 0.30 for pile setup resistance for redundant pile groups. This issue will be further investigated and an appropriate resistance factor will be established for use with Eq. (9) in a future publication.
CONCLUSIONS
Although pile setup depends on the properties of the surrounding soil, the existing pile setup estimation methods available in literature rarely consider soil properties and usually require inconvenient restrikes to accurately estimate the pile setup. These limitations and the successful correlation between pile setup and soil parameters described in the companion paper (Ng et al., 2011) led to development of a new pile setup method. From the analyses of the pile and soil test data and through examining the validation of the proposed setup equation, the following conclusions resulted:
1. Although the pile setup estimation methods proposed by Skov and Denver (1988) and Karlsrud et al. (2005) were shown to be satisfactory for specific soil types, they failed to provide good estimates of the setup for recently collected data on steel H-piles embedded in cohesive soils.
2. In the absence of a reliable and cost-effective method to estimate pile setup, a new method has been proposed using pile geometry and soil properties along a pile shaft that can be obtained from typical SPTs and/or CPTs as the main variables. The main economic benefit of the proposed method is the fact that the setup estimation uses a reference pile resistance at EOD, which was obtained, based on either WEAP-SA or CAPWAP and does not require any restrike.
3. Using field records for steel H-piles of different sizes available in the PILOT database and literature, the proposed method has been found to accurately estimate the effects of the pile setup even though the proposed pile setup method was developed primarily based on one type of steel H-pile (HP 250 × 62). For a non-redundant pile group, the proposed method is expected to produce pile setup estimations accurately with an expected error of only ±8%, on average, when used in conjunction with WEAP-SA and CAPWAP.
4. The analysis based on six cases of displacement piles found in literature shows that the proposed pile setup method produced satisfactory pile setup estimations when used in conjunction with CAPWAP. For non-redundant pile groups, the errors of pile resistance estimations for small and larger diameter displacement piles were somewhat higher, ranging between -14% and 3%, and -25% and -3% of the measured resistances, respectively.
5. The results of the statistical analyses concluded that the proposed setup method provides a better pile setup prediction for steel H-piles and smaller diameter displacement piles than for larger diameter displacement piles. This was demonstrated by the smaller errors of 8% for steel H-piles and 14% for small diameter displacement piles than 25% for large diameter displacement piles.
Despite the successful demonstration, the proposed setup method should be used for piles in cohesive soils, for which the setup has been verified to occur by either restrikes or static load testing. When C ha is based on SPT-N values, the accuracy of the proposed method will be dictated by the reliability of the SPT-N values. Furthermore, it should be noted that the method will yield non-conservative results for pile resistance in soils, which either do not gain setup resistance or do experience soil relaxation. Note: R t = pile resistance at any time t considered after EOD; R EOD = pile resistance at EOD; R max = maximum pile resistance assumed after complete soil consolidation; R o = reference pile resistance; R 14 = pile resistance at 14 days after EOD; R 100 = pile resistance at 100 days after EOD; S t = soil sensitivity; A= pile setup factor defined by Skov and Denver (1988) ; B= pile setup factor defined by Svinkin and Skov (2000) ; PI= plasticity index; and OCR= overconsolidation ratio. Figure 9 . Statistical assessment of the proposed pile setup method based only on data reported in the literature as summarized in Table 3 2.5 2. Figure 13 . The confidence intervals of the proposed pile setup method for other small and large diameter displacement piles for CAPWAP 
